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consistent with the existence of the uni-positive Mgþ ion, (b) indicated that some hydrogen dissolved in the WE43 metal, and (c) indicated that
self corrosion was more important than the applied current density in causing weight loss.
Copyright 2014, National Engineering Research Center for Magnesium Alloys of China, Chongqing University. Production and hosting by
Elsevier B.V.
Keywords: Magnesium; Galvanostatic; Polarisation; SEM; Weight loss; Hydrogen adsorption; Negative difference effect
Open access under CC BY-NC-ND license.1. Introduction
This research builds on our research [1,2] on galvanostatic
anodic polarisation of (i) high purity (HP) Mg in 3.5% NaCl
saturated with Mg(OH)2 [1], and (ii) AZ31B in 0.01 M
Na2SO4 saturated with Mg(OH)2 [2]. That research [1,2]
concluded, (1) that the uni-positive Mgþ ion Mg corrosion
mechanism predictions are consistent with both main mani-
festations of the negative difference effect (NDE), namely (i)
the amount of Mg2þ produced by an applied anodic current is
greater than predicted by the Faraday Law, and (ii) the amount
of hydrogen increases with increasing applied anodic current;
and (2) self-corrosion caused more weight loss than the
applied current density throughout the anodic polarisation
curve for Mg. Those papers [1,2] built on prior research on Mg
corrosion [3e16].* Corresponding author. Tel. þ61 7 3365 3748.
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aerated electrolyte subjected to an applied anodic galvano-
static current density, iapplied, equivalent to the corresponding
flux of electrons, Ne (mmol cm
2 s1), given by
Ne ¼ iapplied
F
ð1Þ
where F is the Faraday (96,500C mol1).
The applied anodic galvanostatic current density is given
by:
iapplied ¼ iaeic ð2Þ
where ia is the rate of the anodic partial reaction per unit area,
and ic is the rate of the cathodic partial reaction per unit area.
The anodic partial reaction is assumed [4e6] to occur in
two steps (3) and (4). The second step assumes that some
fraction, k, undergoes electrochemical anodic oxidation to the
equilibrium Mgþþ ion. The complement, 1k, of uni-positive
Mgþ ions reacts chemically by reaction (5) to produce the
stable Mgþþ ion and H2. The two anodic partial reactions are
balanced by the cathodic partial reaction (6).ngqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
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kMgþ/ kMgþþ þ ke ð4Þ
ð1 kÞMgþ þ ð1 kÞHþ/ ð1 kÞMgþþ þ ð1 kÞ½H2
ð5Þ
ð1 þ kÞHþ þ ð1 þ kÞe/ ð1 þ kÞ½H2 ð6Þ
Summation of Eqs. (3)e(6) gives the following overall
reaction:
Mg þ 2Hþ/ Mgþþ þ H2 ð7Þ
If the anodic and cathodic current densities obey Eq. (2), it
was shown [5] that
2ðNWeNHÞ ¼ Ne ð8Þ
where NW (mmol cm
2 s1) is the rate of Mg metal dissolu-
tion, and NH (mmol cm
2 s1) is the average rate of hydrogen
evolution. Eq. (8) is valid even though part of the corrosion
reaction is chemical and not electrochemical.
The current research aims to extend the prior work [1,2] to
WE43. In particular, to study anodic polarisation curves for
WE43 using the new plug-in specimens [9].
2. Materials and methods2.1. Materials and solutionsWE43, supplied as an extrusion by Boeing Research and
Technology, had the typical composition (in wt ppm or wt%):
3.55%Y, 2.8%Nd, 0.35%Gd, 0.024%Ce, 0.37%Zr and 80 ppm
Fe. WE43 was high purity in that each impurity element was
below its tolerance limit [8,9]. Thus the impurities do not
influence the corrosion. Solutions were made with analytic
grade chemicals and high quality deionised water. The 0.01 M
Na2SO4 solution saturated with Mg(OH)2 was made by dis-
solving Na2SO4 in deionised water, adding an excess of
Mg(OH)2, agitating, equilibrating for a day, and filtering using
a 1 mm filter paper.2.2. Polarisation curvesFig. 1. Galvanostatic potentialetime curves for WE43 in 0.01 M Na2SO4
saturated with Mg(OH)2.Plug-in specimens [1,9] were used for WE43. The anodic
polarisation curves of WE43 were measured using a PAR-
STAT 2273 electrochemistry station. For potentiodynamic
polarisation curves, the potential was scanned, at a scanning
rate of 10 mV min1 from Ecorre50 mV to Ecorr þ 800 mV.
The resistance, R, between the working electrode and the
reference electrode was measured using electrochemical
impedance spectroscopy. Potentiodynamic polarisation curves
are reported with IR correction.
A galvanostatic anodic polarisation curve was measured for
WE43 by measuring the potential during application of a
constant current density for 3 h. The evolved hydrogen was
measured simultaneously, and is reported as VH ((mL at STP)
cm2), where STP indicates standard temperature andpressure, where the standard temperature is 273 K and the
standard pressure is 1 atm. The ideal gas law was used for
conversion from the experimental temperature of
25 C to 273 K A mol of hydrogen gas corresponds to 22.4 L
(STP), so that the average rate of hydrogen evolution, NH
(mmol cm2 s1), can be expressed as
NH ¼ VH
22:4tH
ð9Þ
where tH is the exposure time (second).
The specimen mass, Wa, was measured after corrosion
products were removed using the chromic acid solution
(200 g/l CrO3 solution saturated with AgNO3). This was
shown to remove only the corrosion products and to remove no
metallic Mg [9,13e15]. The weight loss, WL (mg cm
2 d1)
was evaluated from
WL ¼WbWa
AtL
ð10Þ
where Wb is the specimen mass before exposure, A is the
specimen area (cm2) and tL is the exposure time (day). For
both Wb and Wa, the specimen mass was measured after
corrosion products were removed. Each mol of Mg metal
corresponds to 24.31 g, so that the rate of Mg metal dissolu-
tion, NW (mmol cm
2 s1) can be expressed as:
NW ¼ WL
24:31
ð11Þ
3. Results
Fig. 1 presents typical galvanostatic potentialetime curves
for WE43. All curves rapidly attained steady state conditions.
For an applied current density of 0.01 A cm2, the curve was
irregular attributed to breakdown and repair of the surface
film. Fig. 2 presents galvanostatic polarisation curves (GPC)
Fig. 2. PPC and GPC curves for WE43 in 0.01 M Na2SO4 saturated with
Mg(OH)2 with IR compensation.
Fig. 4. The average hydrogen evolution rate, NH, plotted against the average
Mg weight lost rate, NW, during galvanostatic testing for WE43 in 0.01 M
Na2SO4 saturated with Mg(OH)2.
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isation curve plots the measured potential at 1 h, 2 h and 3 h at
each applied current density from Fig. 1.
Fig. 3 presents hydrogen evolution data during the galva-
nostatic testing of WE43. The volume of hydrogen, VH,
increased linearly with increasing time. Fig. 4 presents the
average hydrogen evolution rate, NH, plotted against the
average weight loss rate, NW, during galvanostatic testing for
WE43. On these logarithmic axes, there was a linear
relationship:
NH ¼ 0:0740ðNWÞ1:066 ð12Þ
Fig. 5 presents two times of average weight loss rate, 2NW,
plotted against the flux of electrons, Ne, corresponding to the
applied galvanostatic current density, iapplied, during galvano-
static testing. On these logarithmic axes, there was an initialFig. 3. Volume of evolved hydrogen on WE43 during galvanostatic testing of
WE43 in 0.01 M Na2SO4 saturated with Mg(OH)2 at the stated applied current
density.slow increase of 2NW, and thereafter there was a linear
relationship:
2NW ¼ 50:12ðNeÞ0:723 ð13Þ
The red line drawn on Fig. 5 is a plot of
2NW ¼ Ne ð14Þ
4. Discussion4.1. Shape of polarisation curvesThe anodic potentiodynamic polarisation curve for WE43,
Fig. 2, was approximately linear (on these axes) at higherFig. 5. Two times average Mg weight loss rate, 2NW plotted against the flux
of electrons, Ne, corresponding to the applied galvanostatic current density,
iapplied, during galvanostatic testing for WE43 in 0.01M Na2SO4 saturated
with Mg(OH)2. The red line is a plot of Eq. (14).
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curves for WE43 were highly curved, particularly at higher
current densities. The curvature is attributed to changing
conditions at the WE43 surface during the measurement of the
polarisation curves, namely the increasing potential due to
corrosion product formation on the surface. This is consistent
with the fact that the solution was saturated with Mg(OH)2 and
a molecule of Mg(OH)2 precipitates for each Mg atom that
corrodes to produce a Mg2þ ion.4.2. Hydrogen evolutionFig. 6. Plot of two times of 2(NWeNH ) versus Ne, during galvanostatic testing
for WE43 in 0.01 M Na2SO4 saturated with Mg(OH)2.Figs. 3 and 4 indicated that the hydrogen evolution rate
increased with increasing applied anodic current density dur-
ing the galvanostatic testing of WE43. This is a clear mani-
festation of the negative difference effect [1e5] and is
consistent with the corrosion mechanism involving the uni-
positive magnesium ion Mgþ and the reaction scheme given
by Eqs. (3)e(5), in particular the chemical reaction Eq. (5) to
produce increasing amounts of hydrogen with increasing
applied anodic current density. This hydrogen is not related to
any cathodic reaction. It should not be related to Eq (6).4.3. Weight lossFig. 5 presents two times of average weight loss rate, 2NW,
plotted against the flux of electrons, Ne, corresponding to the
applied galvanostatic current density, iapplied, during galvano-
static testing for WE43. The red line drawn on Fig. 5 is a plot
of Eq. (14). The measured average weight loss rate, NW, was
greater than the expectations of Eq. (14) that Mg corrodes with
the production of Mgþþ. This is a further manifestation of the
negative difference effect [1e5]. The values of average weight
loss rate, NW for small values of Ne were independent of Ne,
indicating that the self-corrosion was independent of Ne.
Fig. 6 compares the experimental data to the prediction of
Eq. (8), which is in red. Fig. 6 plots 2(NWeNH) versus Ne. A
straight line is drawn through the data at higher values of Ne.
The measured values of 2(NWeNH) were greater than the ex-
pectations of Eq. (8).
Fig. 7 provides a plot of the mean valence n ¼ Ne/NW
against Ne. There was a sigmoid shape. Nevertheless, the mean
valence n had low values. These values are lower than would
be expected if the only effect was corrosion via the uni-
positive Mgþ ion. There must be some additional effect like
self-corrosion occurring in parallel with the influence of the
applied current density, iapplied.4.4. Hydrogen dissolved in MgFig. 7. Plot of n ¼ Ne/NW versus Ne, during the galvanostatic testing of WE43
in 0.01 M Na2SO4 saturated with Mg(OH)2.Fig. 6 indicates a straight line can be drawn through the
data of 2(NWeNH) versus Ne at the higher values of Ne.
Nevertheless, the measured values of 2(NWeNH) were
consistently greater than the expectations of Eq. (8). This is
attributed to some hydrogen dissolving in the Mg metal rather
than being evolved as hydrogen gas. The hydrogen is produced
at the corroding (oxide free) Mg surface as atomic hydrogen.Two atomic hydrogen atoms can combine to form a hydrogen
molecule, and a number of hydrogen molecules can combine
and be evolved as hydrogen gas bubbles from the Mg surface.
Alternatively the atomic hydrogen can enter the metal and be
dissolved in the metal lattice, because Mg can store significant
amounts of hydrogen. Nogita et al. [17] describe an alloy that
has a capacity of 6 wt% hydrogen and is being commercialised
for hydrogen storage.
The amount of hydrogen dissolved in the Mg metal lattice,
CH, is estimated as follows, following the approach in our
prior papers [1,2]. The total hydrogen evolution rate from the
overall electrochemical and chemical corrosion reaction, NH,e,
is larger than the measured hydrogen evolution rate, NH,m. The
total amount of hydrogen evolved, NH,e, (pmol cm
2 s1) is
evaluated from Refs. [1,2]:
Fig. 9. The concentration of hydrogen occluded in the WE43 metal substrate,
CH, plotted against Ne.
201Z. Shi et al. / Journal of Magnesium and Alloys 2 (2014) 197e202NH;e ¼ 2NW Ne
2
ð15Þ
in which NW is the measured Mg weight loss (see Fig. 4). The
amount of hydrogen entering the Mg metal is given by
(NH,eeNH,m), where NH,m is the measured amount of hydrogen
evolved (see Fig. 4). Fig. 8 provides a plot of the fraction of
evolved hydrogen entering the Mg metal, which is given by:
fH ¼ NH;eNH;m
NH;e
ð16Þ
The fraction of evolved hydrogen was rather high for most
cases, significantly higher than for cathodic charging of steels
in the study of hydrogen embrittlement of steels where values
of less than a fraction of a percent are quoted [18]. The con-
centration of hydrogen in the sample is given by:
CH ¼ tHMHðNH;eNH;mÞ
Wa
ð17Þ
where tH is the time for the measurement of the galvanostatic
polarisation curve (during which there was the application of
iapplied),MH is the molecular weight of hydrogen, and Wa is the
weight of the sample after the measurement of the galvano-
static polarisation curve and after removal of surface corrosion
products. The concentration of hydrogen in the sample, CH, is
plotted in Fig. 9. The values of CH were small relative to the
solubility of H in Mg.4.5. Self corrosionFig. 7 provides a plot of the mean valence n against Ne. The
mean valence n had low values. This is interpreted as indi-
cating significant self-corrosion, even at the highest applied
current. Shi and Atrens [9] measured the mean valence to be
1.45 for HP Mg in 3.5% NaCl solution saturated with
Mg(OH)2) in agreement with the work of Petty et al. [19]. If
this value is assumed, then an estimation can be made [1,2] ofFig. 8. The fraction of evolved hydrogen entering into the WE43B plotted
against Ne, for WE43 in 3.5% NaCl saturated with Mg(OH)2.the mass of WE43 self corrosion during the galvanostatic
measurement by means of
NCMg ¼ NW 
Ne
1:45
ð18Þ
The fraction of self corrosion to the total weight loss can be
evaluated from NcMg=NW . This fraction, plotted in Fig. 10,
indicates that the self-corrosion was more important than the
applied current density in causing weight loss throughout the
anodic polarisation curve.4.6. Mg corrosion mechanismFig. 11 provides a plot of available data [1e3,7,8,17] for
studies that have independent measurements of NW, NH and Ne,
and so provide data that can be tested against model pre-
dictions. The work carried out in NaCl and Na2SO4 solutions
at pH 11 by Song et al. [7,8] used NaOH to adjust the pH to aFig. 10. The ratio of self corrosion rate to the total corrosion rate plotted versus
Ne, for WE43 in 0.01 M Na2SO4 saturated with Mg(OH)2.
Fig. 11. Plot of 2(NWeNH) versus Ne of the data from the following refer-
ences:- this work,  [1], : [2], ⋄ [3],. [7], ◫B△▽ [8], and [16].
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(8) as illustrated in Fig. 11, as has been previously noted
[6e8]. All the other data for Ne > 100 pmol cm
2 s1 are
consistent with the full line drawn on Fig. 11, which is
consistent with Eq. (8) and some hydrogen dissolved in the
Mg sample.
Fig. 11 provides strong evidence in support of the Mg
corrosion mechanism involving the uni-positive Mgþ ion.
5. Conclusions
1. The data were consistent with the existence of the uni-
positive Mgþ ion.
2. Some hydrogen dissolved in WE43 during the measure-
ment of the Mg anodic polarisation curve.
3. Self-corrosion was more important than the applied cur-
rent density in causing weight loss throughout the anodic
polarisation curve.Acknowledgements
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